We report a detailed study on control of sputtering parameters for synthesizing NbN superconducting thick films. The NbN films are deposited on single crystalline silicon (100) by DC reactive sputtering, i.e., deposition of Nb in the presence of reactive N 2 gas. After several runs, samples were prepared with Ar:N 2 partial gas ratios of 90:10, 80:20 and 70:30 for a deposition time of 10 minutes. The fabricated films (400 nm thick) crystallize with a cubic structure, with a small quantity of Nb/NbO embedded in the main NbN phase. All three samples are characterized by scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDAX), to examine their microstructure and elemental compositional distributions, respectively. The roughness was mesured by atomic force microscopy (AFM). The optimized film prepared with Ar:N 2 gas ratio of 80:20 has a T (R = 0) in zero and 140 kOe fields of 14.8 K and 8.8 K, respectively. The upper critical field Hc 2 (0) of the studied superconducting films is calculated from magneto-transport [R(T )H] measurements using GL and WHH equations. 
Introduction
Niobium Nitride (NbN) thin films have been studied in the past for their interesting physical properties and technological applications such as superconducting microdevices, and microelectronic catalytic probes [1] [2] [3] [4] [5] [6] [7] . NbN films are generally polycrystalline with grains surrounded by voids or disordered intergranular regions. Depending on the relative Nb and N contents, NbN crystallizes in different phases such as fcc δ-NbN, tetragonal γ-Nb 4 N 3 , and hexagonal phases δ -NbN, ε-NbN, and β-Nb 2 N with low nitrogen content [8, 9] . Among these various nitrides of Nb, only δ-NbN has been reported to be superconducting with a critical temperature (T ) of around 16 K [10, 11] . The crystal structure and composition are thus known to affect the superconducting properties of NbN. Due to the short coherence length and large penetration depth o NbN, it is possible to fabricate superconducting thin films a few nanometers thick with moderately higher T [12, 13] . To improve the superconducting properties, crystal defects are also known toplay an important role. Alhough crystal defects may not significantly affect the high-field value of critical current density, which depends mostly on the shearing of the flux-line lattice about strong pinning points, they may improve the superconducting performance at low fields [14] [15] [16] [17] .
The properties of NbN thin films can be improved through the optimization of deposition parameters [18] . By altering the deposition conditions, the grain size and morphology of the films can be manipulated [19] . This is important to improve the current density under stronger magnetic fields [20] . On the other hand, deviation from the optimal growth conditions and stoichiometry may affect the superconducting transition temperature. Our current knowledge of superconducting and transport parameters influencing the properties of thick NbN films can be used to create ultrathin films for modern devices [21] . NbN superconductors in thin film form may have an important role to play in low temperature electronics, such as in tunnel junction applications [5, 22] .
Here we report the growth parameters for NbN thin films deposited on Si (100) substrates using aDC sputtering technique. In particular, we examine the influence of Ar:N 2 gas pressure ratios in the preparation chamber on the crystallization, microstructure, surface composition and superconducting properties of the deposited films. The upper critical field, 0 Hc 2 (0), of the optimized superconducting films is evaluated from magneto-transport measurements applied up to 140 kOe. The optimized film with Ar:N 2 gas ratio of 80:20 possesses T (R =0) in zero and 140 kOe fields of 14.8 K and 8.8 K, respectively, with an upper critical field, Hc 2 (0), of around 40 Tesla.
Experimental
Thin films of NbN were synthesized by reactive dc sputtering (Excel Instruments, India) ( Fig. 1 ), using an Nb metal target of 99.95% purity in an Ar/N 2 gas mixture. Films were prepared under three different Ar/N 2 gas mixtures and at a total pressure of about 10
mbar. Silicon wafer (100) substrates were kept at 600
• C during the film deposition. The thicknesses, , of the films were calculated from the sputtering time and a deposition rate of 0.66 nm/s [23] , predetermined using Stylus profilometer. The phase formation of each film was checked using X-ray diffraction (Rigaku). Sputtering parameters were carefully adjusted to obtain high quality films. The morphology and roughness of all three films were measured by atomic force microscopy (AFM) (Multimode V (NS-V) VEECO Instruments Inc). Scanning electron microscopy (SEM) images of the film prepared under an Ar:N 2 ratio of 80:20 were taken using a ZEISS-EVO MA-10 scanning electron microscope. Energy dispersive X-ray spectroscopy (EDAX) was used for elemental analysis. Resistivity measurements under magnetic fields of various intensities were carried out using a PPMS-14T physical property measurement system (Quantum Design, USA). Figure 2 shows the XRD patterns for NbN thin films prepared under three different Ar:N 2 gas pressure ratios: 90:10, 80:20 and 70:30. It is seen that some unreacted Nb is present in addition to the majority NbN phase. We obtained nearly phase-pure NbN with a high intensity peak corresponding to δ-NbN (111) and without any Nb contamination in the case of an Ar:N 2 gas pressure of 80:20. Up to 30% N 2 pressure, we did not observe any unreacted Nb, but some NbO was present as an impurity along with the pure δ-NbN phase. This suggests that variation of N 2 pressure has an important role in the phase formation. The incorporation of nitrogen during the deposition process changes the dynamics of the plasma. An increased number of nitrogen molecules enhances the chemical reactions on the substrate surface. These reactions can be explained using a model of low energy ( 20 eV) ion bombardment during film growth. Films are often deposited at temperatures T which are less than 20 to 30 % of the melting point T [24, 25] . According to this model, 25 eV is sufficient for collision dissociation of the N + 2 ions, providing a continuous source of atomic nitrogen. When the Ar/N 2 gas pressure is varied, the T was also observed to vary, as well as the phase purity. In any case, we obtained reasonably good quality films from the sputtering unit, which is shown in figure 1 . An SEM image of the film prepared under an optimized Ar:N 2 gas pressure ratio of 80:20 is shown in Figure 3(a) . It indicates that the NbN film consists of compact grains, with an average grain size of 20 nm. Also, some porous regions are seen in the SEM image, which may act as effective pinning centers and hence result in higher upper critical fields for a given film. The SEM image clearly shows the nanocrystalline nature of the NbN film with grains approximately 20-50 nm in size. The EDAX spectrum (inset of Figure 3 ), in addition to Nb and N, shows some oxygen is present as well, corroborating the XRD result. SEM images and EDAX spectra were taken for 90:10 and 70:30 Ar:N 2 films as well, confirming the fine-grained microstructure of all films. The influence of Ar:N 2 gas pressure on the microstructures and other surface properties of the films was investigated by AFM. Figure 4 shows topographic AFM images of NbN films deposited at different Ar:N 2 gas pressure ratios. The AFM images consist of irregular submicron-sized features for the sample deposited at 600
Results and discussion
• C, and N 2 gas pressures of 10%, 20% and 30% as shown in Figure 4 (a) 4(b) and 4(c), respectively. The AFM images reveal dense films with islands of almost uniform height. The root mean square values (RMS) of surface roughness were obtained for each AFM image using the Nanoscope imaging software. The scanning area was 2×2 µm 2 . With an increase in the N 2 gas pressure the RMS roughness is found to increase from 1.10 nm to 2.34 nm to 3.10 nm for films prepared under 10%, 20% and 30% N 2 , respectively. Hence it is clear that the roughness of the NbN films increases with increasing N 2 gas pressure. Crystallite sizes of 20 to 30 nm were obtained for each sample. Figures 5(a) , (b) and (c) show plots of resistivity vs temperature under different magnetic fields for various Ar:N 2 gas pressure ratios. We observed onset T of 13.6 K, 14.8 K, and 13.0 K for Ar: N 2 gas pressure ratios 90:10, 80:20 and 70:30 respectively in the zero field for studied NbN thin films. Magneto transport measurements are carried out up to 14 Tesla applied field for each sample. As seen from Fig. 5(b) , the Ar: N 2 gas pressure ratios of 80:20 resulted in best T ≈14.8 K in zero field and T of ≈9.5 K at 14 Tesla field. For all the samples we observed that the transitions are sharp at zero field, but with increasing applied magnetic field the transition width increases. The upper critical field for all three samples was calculated from the resistive transitions, using the criterion of 90% of the ρ value, where ρ is the normal resistivity. We have calculated the upper critical field using Werthamer, Helfand, and Hohenberg (WHH) theory [25] , in accordance with Eqn. 1. 
We also calculated H 2 (0), within the framework of Ginzburg-Landau (GL) theory. The experimental data for H 2 (T) of the NbN thin films can be described with high accuracy by the Ginzburg-Landau (GL) equation (Eq. 2) [26] , where = T T and H 0 is the thermodynamic critical field at 0 K:
From a linear extrapolation of H 2 (T) to zero temperature we obtained zero-temperature GL coherence lengths (ξ GL (T )) of 4.2 nm, 3.9 nm and 4.1 nm for thin films prepared under 10%, 20%, and 30% N 2 pressure, respectively. The upper critical fields for the thin film samples are greater than those of bulk samples. The high upper critical field films are distinguished by their different microstructure from their bulk counterparts. The results of superconducting transition temperature T and upper critical field (H 2 ) calculated by WHH and GL equations for all three samples prepared under different Ar:N 2 gas pressures are summarized in Table 1 .
Conclusion
In conclusion, we have measured the structural and superconducting properties of NbN thin films deposited on silicon (100) substrates by DC reactive sputtering. XRD showed that all NbN films are highly crystalline. SEM images of the sample prepared under an Ar:N 2 gas ratio of 80:20 revealed a fine-grained microstructure, with an average grain size of 20 nm, while EDAX revealed a small quantity of oxygen in the main phase of NbN. From AFM images we observed very dense and uniform surfaces of the films, with the surface roughness increasing with increasing N 2 partial pressure. The thin film prepared with an Ar:N 2 gas ratio of 80:20 had anH 2 (0) above 40 Tesla, which to our knowledge is among the highest reported for NbN thin films. the Department of Science and Technology (DST-SERC), New Delhi, India.
